Prostate cancer is the most frequently diagnosed nonskin cancer among men in part because of increased prostatespecific antigen screening. 1 Most newly diagnosed patients present with localized disease, which is often curable by surgical resection or external beam radiotherapy. However, such treatments do not apply to patients diagnosed with recurrent or metastatic disease. Although survival can be prolonged with androgen-deprivation therapy, ultimately all patients succumb to fatal castration-refractory disease. Accordingly, there is great impetus to develop new therapeutic strategies to treat this disease. The discovery of several prostate tumor-specific antigens combined with the nonvital nature of the prostate gland, has led to the development of novel passive and active immunotherapeutic approaches (reviewed in Basler and Groettrup 2 ). However, attempts to validate these approaches clinically has produced only a modest induction in tumor-specific T-cell responses in some patients, and few studies demonstrate any impact on important clinical outcomes such as tumor regression and patient survival. [2] [3] [4] [5] The failure to induce robust antitumor clinical responses may be in part because of suboptimal antigen presentation, the production of immunosuppressive cytokines, T-cell dysfunction and induction of regulatory T-cell populations. [6] [7] [8] We have previously demonstrated in mice that transgenic T cells specific for a nominal prostate-specific antigen proliferate after recognition of this antigen within the prostate-draining lymph nodes. However, despite in vivo or ex vivo activation, only a transient presence of activated prostate antigen-specific T cells was detected within the prostate gland itself, and no evidence of tissue pathology was evident. 9 Similarly, in a different murine model system, prostate antigen-specific T cells were found within malignant prostate tissue, but despite effective priming, these cells were subsequently rendered anergic. 10 Together, these results suggest that an immunosuppressive microenvironment exists within the prostate gland.
Testosterone and its metabolite dihydrotestosterone are essential for the healthy development and function of the prostate, 11 and these androgens are regulated by the activity of growth factors, in particular, transforming growth factor-b (TGFb). 12, 13 Transforming growth factor-b is a potent immunoregulatory cytokine that is essential for maintaining immunological tolerance. 14, 15 Depending on the cellular context, TGFb also contributes significantly to the initiation and resolution of inflammation by influencing the chemotaxis, activation and survival of both innate and adaptive immune cells in inflamed tissues (reviewed in Li et al 16 ). In the prostate, TGFb stimulates cell differentiation and inhibits epithelial cell proliferation by inducing cellular apoptosis and maintaining dormancy in prostatic stem cells. 12, 13, 17, 18 However, TGFb also plays a complex role in the regulation of prostate cancer growth. 19 High levels of TGFb1 have been found in serum and tumors of patients with prostate cancer [20] [21] [22] and this is associated with more aggressive tumors, which exhibit increased angiogenic and metastatic potential. 23, 24 A concomitant loss of TGFb receptor expression in malignant tissue increases resistance to the antiproliferative and pro-apoptotic effects of TGFb1, 25 and is also associated with a poor prognosis. 26, 27 Furthermore, TGFb1 secreted by tumors can function as a potent immunosuppressive agent, capable of inhibiting the response of tumor-specific lymphocytes 19, 28 and thereby facilitating tumor growth by down-modulating host antitumor immunity. 29 To further our understanding of prostate-antigen-specific immune responses and the relationship between TGFb production and immune outcomes, we used transgenic mice engineered to express the nominal antigen, chicken ovalbumin (OVA), under control of a prostate-specific promoter, 30 into which were adoptively transferred transgenic OVA-specific CD8 þ T cells made insensitive to the effects of TGFb signaling. Our results indicate that, after adoptive transfer and cognate antigen recognition, these T cells proliferate more vigorously than wild-type transgenic T cells. Furthermore, once activated, TGFb-resistant T cells infiltrate the prostate gland when they are associated with tissue injury. Finally, we show that TGFb signaling in the endogenous CD8 þ T-cell compartment promotes the early progression of prostate cancer in transgenic adenocarcinoma of the mouse prostate (TRAMP) mice, which represents an autochthonous model of the disease.
MATERIALS AND METHODS Mice
Nontransgenic C57BL/6J (B6) mice were purchased from Laboratory Animal Services (Adelaide, SA, Australia). OT-I T-cell receptor transgenic mice, 31 and were maintained as a heterozygote line. TGFb-insensitive OT-I mice and TGFb-insensitive TRAMP mice were generated as F1 progeny from successful pairings of CD4-dnTGFRII þ /À and OT-I or TRAMP mice, respectively. Owing to the occurrence of an autoimmune phenotype in aging CD4-dnTGFRII þ /À mice, these mice and all F1 progeny were administered broad-range antibiotics ad libitum via the drinking water.
Antibodies and Reagents
Synthetic chicken OVA peptide OVA 257À264 (SIINFEKL) was synthesized on an ABI 431A peptide synthesizer using standard Fmoc chemistry. PE-conjugated CD8, IFNg and IL2; CyChrome-conjugated CD8; biotinylated CD49d, CD45RB, CD44, CD62l, CD25, CD69 and CD11a; and CyChromeconjugated streptavidin were all purchased from Pharmingen (BD Biosciences).
Preparation of CFSE-Labeled OT-I T Cells
Single cell suspensions were prepared from pooled major lymph node groups from TGFb-insensitive or control OT-I TCR Tg mice. 5 (and 6)-Carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes, Invitrogen, Mount Waverley, Australia) labeling was performed as previously described. 34 Briefly, cell populations were resuspended in PBS at 10 7 cells/ml with 0.1 ml of CFSE stock solution (5 mM in DMSO) added per ml of cells and incubated for 10 min at 371C. Labeled cells were washed twice in PBS and analyzed by flow cytometry for at least a four-decade increase in mean fluorescence intensity over unlabeled cells before being utilized in in vitro or in vivo proliferation assays.
Preparation of Ex Vivo-Activated OT-I T Cells Splenocyte cell suspensions (10 Â 10 6 cells/ml) were prepared from B6 mice and incubated with OVA 257À264 peptide (SIINFEKL, 1 mM) for 3 h in RPMI culture medium (CM) supplemented with 10% FCS, 2 mM glutamine, 20 mM HEPES, 5 Â 10 À5 M 2-ME and 50 mg/ml gentamycin. Cells were then recovered, washed three times in CM and resuspended at 2 Â 10 6 cells/ml in CM. Single cell suspensions (2 Â 10 6 cells/ml in CM) were prepared from pooled major LN groups obtained from TGFb-insensitive or control OT-I TCR Tg mice. Equal numbers of peptide-loaded splenocytes and lymph node cells were incubated together for 2 days at 371C. Cultures were collected, layered over Lymphoprep (Nycomed, Zurich, Switzerland) gradient and spun to recover the activated viable cell population. These cells were then washed twice in CM and passed through a 70 mM nylon strainer to remove any particulates before adoptive transfer into recipient mice.
In Vitro Proliferation Assays B6 splenocytes were OVA peptide pulsed as described above, washed in CM and irradiated (15 Gy) to prevent proliferation. Following three washes in CM, splenocytes were mixed with CFSE-labeled TGFb-insensitive or control OT-I T cells at an equal ratio and placed into culture with 10 U/ml IL-2 at 371C in 5% CO 2 in air. At 0, 1, 2, 3 and 4 days, a portion of cells were removed, stained for the expression of CD8 and split into nine tubes to allow for individual staining of activation markers and intracellular cytokine expression. Cells were then analyzed by three-color flow cytometry.
Adoptive Transfer of Transgenic T Cells
Groups of POET mice received filtered naive CFSE-labeled TGFb-insensitive or control OT-I T cells (10 7 ) via the tail vein. At days 2, 3 and 4, cell populations recovered from the prostate-draining lymph nodes were incubated with anti-CD8 antibodies, and analyzed by two-color flow cytometry. The extent of cellular proliferation of fluorescent adoptively transferred T cells was measured as the proliferative index (PI) as previously described, 35 and is a direct measurement of the number of cells retrieved from each mouse for each cell put into the model system, with a PI ¼ 1 indicating no proliferation. In some experiments, recipient mice received unlabeled naive or ex vivo-activated TGFb-insensitive OT-I or control OT-I cells (10 7 ) via the tail vein. In some cases, prostate-derived single cell suspension were prepared at day 5, stained with anti-CD8 and anti-Vb5.1/5.2 antibodies and analyzed by two-color flow cytometry. In other cases, prostates were removed 10 days post-adoptive transfer and processed for histological assessment by hematoxylin and eosin (H&E) staining.
Histopathologic Analysis
The ventral lobe was dissected from the prostate with the removed tissue fixed in 10% neutral-buffered formalin, and processed and embedded in paraffin using standard techniques. Sections (5 mM) were subsequently cut from paraffinembedded tissue and stained with H&E for histopathologic analysis. Scoring of prostate sections was performed blindly by pathologist (AEW) using a standardized grading system. 36 Briefly, score criteria were as follows: 1, normal epithelium; 2, early signs of prostatic intraepithelial neoplasia (PIN) with tufting of the epithelium and increased nucleus:cytoplasm ratio; 3, more advanced PIN with noted cribiform structures and an increase in mitotic and/or apoptotic figures; 4, the loss of interductal spaces and the invasion of basement membranes; 5, total loss of ductal lumens with evidence of adenocarcinoma and 6, observed sheets of anaplastic cells. 37 Immunohistochemistry Formalin-fixed, paraffin-embedded tissue sections were stained with a CD3 polyclonal antibody (Dako, USA; cat no. A0452), using a standard streptavidin-biotinylated immunoperoxidase methodology. In brief, sections were dewaxed using xylene, and rehydrated through alcohols. Antigen retrieval was performed using Target retrieval buffer (Dako; cat no. S1699) in a microwave oven. Slides were allowed to cool and washed twice in PBS (pH 7.4) before being transferred to a 0.025% Trypsin solution for 3 min. The slides were again washed in PBS and then endogenous peroxide activity was quenched. Nonspecific proteins were blocked using normal goat serum for 20 min. The CD3 antibody was then applied at a dilution of 1:6000 at room temperature overnight. The following day, the sections were washed in PBS and a biotinylated goat anti-rabbit secondary (Vector labs, USA; cat no. BA-1000) was applied for 60 min. Following a PBS wash, the slides were incubated for 15 min with a streptavidin-conjugated peroxidase tertiary (Pierce, USA; cat no. 21127). The sections were then visualized using DAB, washed, counterstained with Hematoxylin, dehydrated, cleared and then mounted. þ T-cell-specific lesion in TGFRII-mediated signaling had on cognate antigen recognition, we crossed OT-I TCR transgenic mice with CD4-dnTGFRII þ /À (dnTGFRII) mice to generate F1 progeny in which some mice contained OT-I T cells that were insensitive to exogenous TGFb. Lymph node preparations from these mice were stained with CFSE and stimulated in culture with OVA peptide-pulsed and irradiated syngeneic splenocytes, with the extent of T-cell proliferation assessed each day thereafter and compared to normal OT-I T cells. Our results indicated that normal and TGFb-insensitive OT-I CD8 þ T cells responded vigorously to cognate antigen. However, by comparing the kinetic CFSE division profiles of each population, it was apparent that TGFb-insensitive OT-I T cells divided faster than normal OT-I T cells, culminating in a PI of 70 for TGFb-insensitive T cells, a much greater expansion than that observed for normal OT-I T cells (PI ¼ 35) at day 4 post-antigen challenge (Figure 1a) .
To determine whether the difference in proliferative responses correlated with a differential expression of T-cell surface activation markers and cytokine production, naive TGFb-insensitive and normal OT-I T cells were again stimulated in vitro and analyzed daily for 4 days. Similar kinetic alterations in expression levels of the early activation markers CD69 and CD25, the homing receptors CD49d and CD11a, and memory phenotype markers, CD45RB, CD44 and CD62 L were observed in both TGFb-insensitive and normal OT-I T cells (Figure 1b) , as well as comparable IL-2 production. However, the proportion of IFNg-expressing OT-I T cells increased dramatically if TGFb signaling was deficient in comparison to normal T cells (75 versus 25%, on day 1), and peaked 1-2 days post-antigen recognition before declining.
The Antiproliferative Effects of TGFb Extended to Antigen Recognition by CD8
þ T Cells In Vivo and Ex Vivo Activation of TGFb-Insensitive CD8 þ T Cells was Required to Mediate Antigen-Dependent Prostate Tissue Damage To determine if CD8 þ T-cell resistance to TGFb signaling was retained after antigen-specific T-cell activation in vivo, we used an adoptive transfer model in which CFSE-labeled T cells were introduced into POET mice. Sexually mature POET mice express high levels of OVA protein in prostate tissue, and OVA-derived, MHC class I-restricted peptide can be detected in the prostate-draining lymph nodes using proliferation of OT-I T cells as an indicator. 30 CFSE-labeled TGFb-insensitive or normal OT-I T cells were adoptively transferred to recipient POET mice and at 2, 3 and 4 days post-transfer, the proliferative response of TGFb-insensitive and normal OT-I T cells recovered from the prostatedraining lymph nodes was assessed. All recipient POET mice recorded a PI 41, indicating that both types of OT-I T cells responded to prostate-derived antigen in vivo (Figure 2a As the capacity to respond to TGFb retarded both antigenspecific proliferative responses (in vitro and in vivo) and IFNg expression (in vitro) in CD8 þ T cells, we next wished to ascertain whether CD8 þ T-cell resistance to TGFb signaling would cause antigen-dependent pathology in the prostate gland. Naive TGFb-insensitive or normal OT-I T cells were adoptively transferred into recipient POET or B6 mice. Flow cytometric analysis of single cell suspensions obtained from disaggregated prostate tissue removed 5 days later, indicated that only a very minor population of prostatic cells from POET mice were naive TGFb-insensitive OT-I T cells (B0.5%) compared with almost negligible cells found within control B6 recipient mice, or POET or B6 mice transferred with normal naive OT-I T cells (Figure 2c, black bars) . This suggested that naive OT-I T cells could not access the prostate gland, regardless of their TGFb-response potential. In contrast, naive TGFb-insensitive or normal OT-I T cells, which had been activated in vitro before adoptive transfer into recipient mice, were found in significantly greater numbers within the prostate tissue of POET mice as compared to the prostates of control B6 mice (Figure 2c , white bars), with a significantly larger proportion of in vitro To determine whether this increase in activated OT-I T cells found within the prostate of POET mice could elicit prostate pathology, POET or B6 mice received in vitro activated TGFb-insensitive or normal OT-I T cells and 10 days later, prostates were removed and evaluated histologically for evidence of elicited prostatic pathology (Figure 2d) . A more prominent inflammatory cell infiltrate was evident in prostate tissue sections taken from POET mice, which received activated TGFb-insensitive OT-I T cells, as compared to mice receiving control OT-I cells (Figure 2d, arrows) . These changes were dependent on OVA antigen expression, as no infiltrate was observed in the prostates of B6 control mice (Figure 2d, top row) . Although necrotic cellular debris was observed in lumens of prostatic acini of POET mice receiving either TGFb-sensitive or -insensitive OT-I T cells, CD8 þ T-cell resistance to TGFb signaling was more evidently associated with intraluminal dead or dying epithelial cells (Figure 2d, arrowheads) . This cellular death may have occurred by apoptotic mechanisms, as many dying cells exhibited chromatin condensation (Figure 2d , inset, arrowhead).
Deregulated TGFb-Signaling in the Endogenous T-cell Population Inhibited Early Tumor Progression in Transgenic Adenocarcinoma of Mouse Prostate Mice
The results of previous experiments suggested that an autoimmune reaction to prostate-specific self-antigen (OVA in our model) may be induced; however, prior activation of these prostate antigen-specific T cells would be required. Moreover, tissue damage was more extensive if these T cells were rendered insensitive to the effects of TGFb signaling. Although these effects were observed in the T-cell adoptive transfer model, a model in which OVA expression within the prostate at puberty induces peripheral tolerance, an event after which a large precursor frequency of antigen-specific transgenic cells are transferred, we wished to determine if these effects could be reproduced in a more clinically relevant setting with a physiological number of TGFb-insensitive T cells present at the initiation of peripheral tolerance to a prostate tumor antigen. To this end, the T-cell-specific TFGbinsensitive mice were bred with TRAMP mice to generate offspring in which the endogenous T-cell population would be insensitive to TGFb-mediated signaling, while at the same time these mice retained the capacity to develop spontaneous prostate tumors. TRAMP mice with different TGFb T-cell response potentials were established and prostate tumorigenesis monitored over a period of 30 weeks. At various matched ages, the prostates from experimental and littermate control mice were sampled and assessed histologically for the initiation and progression of prostate tumors. Results indicated that while some TGFb-insensitive TRAMP mice showed evidence of adenocarcinoma (grade 5), 80% of prostate samples were found to have normal epithelium (Figure 3a) or only low-level PIN (grade 2) with little change observed over 30 weeks. In contrast, all age-matched control TRAMP mice exhibited some degree of neoplastic change, with most (77%) at a grade 3 level (Figure 3b ) or above.
Early during prostate cancer progression, at 15-20 weeks of age, TGFb-insensitive TRAMP mice had a significantly lower mean prostatic score of 1.5 ( ± 0.24 SEM) than agematched littermate control TRAMP mice (2.8 ± 0.2 SEM; Figure 3c ). Subsequently, however, at 21-25 weeks of age, the mean scores for TGFb-insensitive and control TRAMP mice were similar at 3.13 (±0.97 SEM) and 3.83 (±0.54 SEM), respectively. To determine whether this difference in prostate score observed in early tumor formation could be linked to changes in inflammatory infiltrate within the prostate tissue of TRAMP mice, prostate tissue samples taken from mice with a prostate score of 2 were stained with anti-CD3 to elucidate any changes in T-cell infiltrate. As indicated in Figure 3d , more CD3-positive cells were evident within the prostates of TGFb-insensitive TRAMP mice as compared to pathology score and age-matched control TRAMP mice (Figure 3e ).
DISCUSSION
By generating antigen-specific T cells that were insensitive to the effects of TGFb, the potential tolerogenic effect that TGFb signaling has on CD8 þ T cells may be explored. We examined the differential effects that TGFb signaling had on antigen stimulation of TGFb-insensitive or TGFb-sensitive OVA-specific CD8 þ T cells. TGFb-insensitive T cells proliferated to a greater extent than control T cells, and a greater proportion of TGFb-insensitive CD8 þ T cells produced IFNã. These results are consistent with other reports in which nonspecific stimulation of splenocytes from dnTGFRII transgenic mice in vitro results in higher IFNg production, which correlated with enhanced effector function in vivo. 38 Similarly, ex vivo-expanded tumor-antigen-specific TGFbinsensitive CD8 þ T cells, when adoptively transferred into recipient mice with established pulmonary tumors, were able to contain tumor growth and limit tumor metastasis; an effect which correlated with elevated IFNã serum concentrations. 39 These findings, along with the lymphoproliferative disorders observed in mice deficient in TGFb1 15, 40 or in mice with CD8 þ T cells-expressing dnTGFRII, 41 confirm the role that TGFb signaling has in controlling T-cell proliferation, thus maintaining T-cell homeostasis.
Although naive TGFb-insensitive T cells proliferated more vigorously after interaction with cognate antigen in vitro, CD8 þ T-cell resistance to TGFb signaling was not sufficient to enable antigen-specific CD8 þ T cell to infiltrate OVA-expressing prostate tissue. Nevertheless, fully activated T cells, regardless of TGFb sensitivity, were able to infiltrate the POET prostate gland but only TGFb-insensitive CD8 þ T cells were associated with significant prostate tissue damage. Transforming growth factor-b-mediated suppression of effector function within tissues was seen in other adoptive transfer models using activated antigen-specific CD8 þ T cells. In vivo primed but ex vivo-expanded T cells were transferred into hosts with established tumors and partially controlled tumor growth regardless of the interval between tumor engraftment and adoptive immunotherapy. However, if these T cells were engineered to express dnTGFRII then most of the tumors were eradicated. 39 Similarly, established syngeneic lymphomas and melanomas regressed in Rag-/-mice that had been reconstituted with TGFb-insensitive CD8 þ T cells. Tumor eradication depended on CD4 þ T cells, and in contrast to the previous study, 39 tumors were only eradicated completely when T cells were transferred no later than 3 days after tumor inoculation. 42 An effective antitumor response in this tumor model required CD4 þ T cell help to prime cytotoxic T lymphocytes (CTL) and sufficient time for effector CTL to exert tumor control. Similarly, radiation bone-marrow chimera mice, which were reconstituted with TGFb-insensitive bone marrow and then challenged with melanoma or prostate cancer cell lines, exhibited 70 or 80% rates of inhibition of tumor engraftment, respectively, which were shown to depend in part on an effective CTL response. 43 These data indicate that mice harboring TGFb-resistant effector T cells can defend themselves against the growth of transplanted TGFb-producing tumor cell lines. However, the rapid growth of transplantable tumors does not adequately mimic the clinical reality of spontaneous tumor formation. The inoculation of a large burden of tumor antigens may overwhelm the immune system and prevent the establishment of peripheral tolerance in which TGFb would normally play a part. 16 This effect together with dysregulated T-cell proliferation resulting from insensitivity to TGFb signaling may explain the observed elimination or failure of engraftment of tumor cells in mice harboring TGFb-resistant effector T cells.
In the TRAMP model of autochthonous prostate tumorigenesis, tumor growth develops much more slowly than with engrafted tumors. In this model, immunological tolerance to tumor-specific antigens was induced early during tumor development even when very low amounts of previously unseen antigen were expressed. 44, 45 The effects of this control were manifest after adoptive transfer of CD8 þ T cells, which were specific for the large T antigen (Tag) oncogene of TRAMP mice. Tag-specific T cells were rendered tolerant to the Tag itself, and required further stimulation with activated, peptide-pulsed DC before full CTL effector function was restored. Nonetheless, despite intratumoral persistence and initial tumor growth control, the cytolytic activity of the Tag-specific CTL waned to a state of tolerance within 2 weeks by an unknown mechanism. 10 Here, by crossing dnTGFRII mice with TRAMP mice to generate mice in which prostate cancers developed in the presence of T cells insensitive to the effects of TGFb secretion, we provide data in further support of other genetic evidence for T-cell-mediated surveillance of malignant change. 46 The mechanism underlying our observation is not clear; however, TGFb is identified as an important element in the immune control of early tumor progression in an autochthonous prostate cancer model, which more closely resembles human tumor progression than heterotopic or orthotopic transplantable tumor models.
